promoting an increase in their normoxic release of neurotransmitters. Catecholamine (CA) release rate parallels the intensity of hypoxia. Coupling of hypoxia to CA release requires cell depolarization, produced by inhibition of O2-regulated K ϩ channels, and Ca 2ϩ entering the cells via voltage-operated channels. In rat chemoreceptor cells hypoxia inhibits large-conductance, calcium-sensitive K channels (maxiK) and a two-pore domain weakly inward rectifying K ϩ channel (TWIK)-like acid-sensitive K ϩ channel (TASK)-like channel, but the significance of maxiK is controversial. A proposal envisions maxiK contributing to set the membrane potential (Em) and the hypoxic response, but the proposal is denied by authors finding that maxiK inhibition does not depolarize chemoreceptor cells or alters intracellular Ca 2ϩ concentration or CA release in normoxia or hypoxia. We found that maxiK channel blockers (tetraethylammonium and iberiotoxin) did not modify CA release in rat chemoreceptor cells, in either normoxia or hypoxia, and iberiotoxin did not alter the Ca 2ϩ transients elicited by hypoxia. On the contrary, both maxiK blockers increased the responses elicited by dinitrophenol, a stimulus we demonstrate does not affect maxiK channels in isolated patches of rat chemoreceptor cells. We conclude that in rat chemoreceptor cells maxiK channels do not contribute to the genesis of the Em, and that their full inhibition by hypoxia, preclude further inhibition by maxiK channel blockers. We suggest that full inhibition of this channel is required to generate the spiking behavior of the cells in acute hypoxia.
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hypoxia; catecholamine; iberiotoxin; intracellular calcium CHEMORECEPTOR CELLS are the O 2 -sensing elements in the mammalian carotid body (CB) chemoreceptors, and they are activated by hypoxic hypoxia. At normal arterial PO 2 chemoreceptor cells release neurotransmitters, and hypoxia activates the rate of neurotransmitter release in parallel to its intensity (20) . Released neurotransmitters set the level of activity in the carotid sinus nerve, which terminates in the brain stem and drives ventilation. Catecholamines (CA), one of the most abundant neurotransmitters present in chemoreceptor cells, are released in response to physiological and pharmacological stimuli in parallel to the intensity of the stimulus and to the action potential frequency in the carotid sinus nerve (3, 20, 22, 32, 44, 46) .
Coupling of hypoxic stimulus to the Ca 2ϩ -dependent release of CA is incompletely understood, but the involvement of O 2 -regulated K ϩ channels seems an obligatory step (6, 11, 27, 29, 30, 38, 43, 40) . In rabbit chemoreceptor cells hypoxia inhibits a Kv4 channel (40, 41) , and in rat cells it inhibits largeconductance calcium-sensitive K (K Ca ) channels (maxiK) (38) and a two-pore domain weakly inward-rectifying K ϩ channel (TWIK)-like acid-sensitive K ϩ channel (TASK)-like channel (6, 7, 11) . Hypoxic inhibition of K ϩ channels causes cell depolarization, activation of voltage-operated Ca 2ϩ channels, entry of Ca 2ϩ , and release of neurotransmitters. However, the significance of maxiK in the genesis of the hypoxic responses in the rat is controversial. Thus, whereas Wyatt et al. (49) showed that hypoxia and charybdotoxin (ChTx) blockade of maxiK channels depolarized rat chemoreceptor cells, Buckler (5) (37) using a CB slice preparation showed that TEA (5 mM) and iberiotoxin (IBTx; 200 nM) produced a large CA release response from normoxic chemoreceptor cells. Consistent with that, in two additional studies, one with chemoreceptor cells in culture (25) and the other with CB slices (12) , it has also been shown that IBTx augmented, respectively, the release of dopamine and ATP.
In this work we have studied the functional significance of maxiK in rat CB using a combination of different preparations and techniques. We found that TEA or IBTx did not modify CA release in intact rat CB and TEA, and IBTx did not affect [Ca 2ϩ ] i in isolated chemoreceptor cells in either normoxia or hypoxia. On the contrary, TEA and IBTx potentiated the release of CA, and TEA augmented the [Ca 2ϩ ] i signal elicited by dinitrophenol (DNP), stimulus that does not affect maxiK channels activity. We conclude that in rat chemoreceptor cells maxiK does not contribute to the genesis of resting membrane potential, although inhibition of this channel is required to generate the spiking behavior of the cells in acute hypoxia.
METHODS
Experimental animals and surgical procedures. Experiments were performed in adult Sprague-Dawley rats (250 -350 g of body wt), and in some experiments we also used New Zealand White rabbits of around 2 kg of body weight. Rats were anesthetized with pentobarbital sodium (60 mg/kg ip), and the carotid artery bifurcations were removed and placed in a lucite chamber filled with ice-cold 100% O 2-equilibrated Tyrode (in mM: 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 5 glucose) for further dissection of tissue surrounding the CB. Rabbits were similarly anesthetized with pentobarbital sodium (40 mg/kg) administered intravenously through the lateral vein of the ear, and the surgical procedures were alike the rat. Animals were killed by an intracardiac overdose of pentobarbital sodium. (17, 46) . At the end of the release experiments, CBs were transferred to Eppendorf tubes kept in melting ice and containing 75 l of 0.4 N perchloric acid. Afterwards, they were glass-to-glass homogenized at 0 -4°C. The homogenates plus an aliquot of 50 l of 0.4 N perchloric acid, used to collect quantitatively the tissue homogenate, were centrifuged (10 min; 0 -4°C) in a microfuge (Beckmann, Madrid, Spain). [ 3 H]CA synthesized present in the organs were measured in the supernatants following the procedures described for incubating solutions.
Chemoreceptor cell culture, intracellular Ca 2ϩ measurements, and patch-clamp recordings. Cleaned CBs were enzymatically dispersed, and dissociated cells were plated on poly-L-lysine-coated coverslips maintained in culture for up to 48 h as previously described (29, 42) . Coverslips were incubated with 10 M fura-2 AM (Molecular Probes) diluted in Tyrode-HEPES solution with 0.1% Pluronic F-127 (Molecular Probes) at 20°C for 60 min. After Fura-2 loading was completed, coverslips were mounted in a perfusion chamber placed on the stage of a Nikon Diaphot 300 inverted microscope. Cells were superfused with a solution of composition (mM): 116 NaCl, 5 KCl, 1.1 MgCl2, 2 CaCl2, 25 NaCO3H, 10 glucose, and 10 HEPES, (pH 7.4 bubbling with 5% CO2-20% O2-75% N2) and maintained at 37°C. Dual-wavelength measurements of Fura-2 fluorescence were made using the two-way wavelength illumination system DX-1000 (Solamere Technology Group). Light source was a 100 W mercury lamp (Optiquip). Light was focused and collected through a Nikon Fluor 40/1.30 objective. Dye wavelength excitation was alternated between 340 and 380 nm, and fluorescence emission at 540 nm was collected with a SensiCam digital Camera (PCO CCD imaging). A binning 4 ϫ 4 was applied to get ratio images of 320 ϫ 256 pixels (12 bits/pixel) at 0.5 Hz. Illumination system and camera were driven by Axon Imaging Workbench 4.0 (Axon Instruments) running in a Pentium computer. Hypoxia, 30 mM KCl, and 100 M DNP were used as stimuli, both in the presence and in the absence of 5 mM TEA or 200 nM IBTx (high KCl solutions were made isosmotic by removing equimolar amounts of NaCl). At the end of the experiment, cells were fixed with 2% paraformaldehyde for 15 min at 20°C and permeabilized and blocked with permeabilizing-blocking solution (PBS containing 0.1% Triton X-100 and 2% nonimmunized goat serum) for 10 min. Anti-TH antibodies were diluted in blocking solution and incubated with the cells for 30 min. After several washes in permeabilizing solution, cells were incubated with FITC-conjugated goat anti-mouse secondary antibodies for 30 min. After washing with PBS was completed, TH labeling was examined with the appropriate set of filters.
For patch-clamp recordings cells were dissociated and cultured for 4 -48 h as described above for the measurement of intracellular Ca 2ϩ . Experimental protocols for electrophysiological recordings were described elsewhere (43) .
Statistics. Data are expressed as means Ϯ SE and compared for statistical significance using a two tails Student's t-test for paired or unpaired data according to experimental design. Significance level was established at P Ͻ 0.05. Figure 1A shows that TEA (1-10 mM) did not modify the normoxic (PO 2 Ϸ135 mmHg) release of [ 3 H]CA in the rat CB. Release followed a monotonic decay at all TEA concentrations indistinguishable from that seen in the absence of the drug. Similarly, the time course of the normoxic release of The absence of effects of both maxiK channel blockers on the normoxic release of [ 3 H]CA drove us to consider the suggestion made by Pardal et al. (37) of the nonaccessibility of drugs to the CBs. Since nicotine is a CB stimulant that evokes release of [ 3 H]CA (19) and TEA is a nicotinic blocker (1) that eliminates the stimulating action of nicotine in the CB in vivo (2), we tested the action of TEA on nicotine-evoked release of [ 3 H]CA. Figure 1 , C and D, shows, respectively, the time course of the [ 3 H]CA release induced by nicotine in the rat and rabbit CB in the presence and absence of TEA. Thus these experiments show that either in the rat CB or in the rabbit CB, which is about seven to eight times larger, there are no significant barriers to TEA diffusion (see also Fig. 4 (33) . Since there are no reports describing effects of DNP on maxiK channels, a potentiating effect of maxiK channel blockers should be expected. To test this hypothesis we first studied the effects of DNP on maxiK channels in inside-out H]CA release response to DNP (100 M) in the rat CB in the absence and presence of 5 mM TEA. As expected, TEA augmented the peak and widened the time course of the release response with the overall effect of a 61% increase in the evoked release response (n ϭ 8 -9; P Ͻ 0.001). Figure 4 , C and D, shows a similar experiment using 100 nM IBTx. The toxin promoted a comparable 75% increase in the release induced by DNP from 9.30 Ϯ 1.35 to 16.29 Ϯ 1.86% of tissue content (n ϭ 8; P Ͻ 0.01). Data of Fig. 4, C and D, show, in addition, that there is not any barrier for IBTx diffusion inside CB tissue. Fig. 5B . For every recorded cell we determined the running integral (RI) of the 340/380 fluorescent emission ratio. In the single TH ϩ chemoreceptor cell analyzed in Fig. 5B , it is noticeable that spontaneous oscillations caused a time-dependent increase of the cumulative fluorescence in the absence of the any stimulus; it is also evident high K ϩ produced a sharp increase in ⌬RI, as it did the first application of DNP. During the next resting period the fluorescence increased with the same slope of the previous interstimulus period; the application of TEA did not modify the resting slope, but it augmented the amplitude of the fluorescence signal induced by DNP. Figure  5C shows mean responses (⌬RI) obtained in 40 TH ϩ . TEA did not produce changes in the resting Ca 2ϩ signals, although it increased significantly the ⌬RI produced by DNP in TH ϩ chemoreceptor cells. Figure 6 shows comparable experiments using hypoxia as stimulus. At the top of Figure 6B shows comparable experiments using IBTx as a specific maxiK blocker. Notice, first, the nearly identical responses to the two consecutive hypoxias in the sample experiment and, second, that the mean responses obtained in 29 cells were nearly identical in the absence and in the presence of IBTx.
RESULTS

Effects of TEA and IBTx on the normoxic release of [ 3 H]CA.
Effects of TEA on the intracellular
DISCUSSION
The present study demonstrates that TEA and IBTx at concentrations effective to fully inhibit maxiK channels are unable to induce a secretory response or a [Ca 2ϩ ] i change in rat CB chemoreceptor cells, in either normoxia or hypoxia. However, they were effective in increasing the secretory and the [Ca 2ϩ ] i responses elicited by DNP, a stimulus that does not affect the P o or amplitude of maxiK channels.
We have studied the release of CA in intact CB and the change in [Ca 2ϩ ] i in dissociated chemoreceptor cells after treatment with maxiK channel blockers. Both responses are reliable indexes of chemoreceptor cell activation, because any depolarizing stimulus that has been studied increases CA release (8, 9, 32, 45, 46) . If maxiK channels contribute to resting membrane potential (E m ), blockers should depolarize the cells and should increase [Ca 2ϩ ] i and CA release. However, neither TEA nor IBTx alter basal release of CA (Fig. 1) , and TEA did not alter resting [Ca 2ϩ ] i (Fig. 5) , implying that maxiK channels and other TEA-sensitive channels should be closed at rest (5, 6, 28) . In fact, these results are the expected (43) (ϳ100 nM) and E m around Ϫ55 mV (5, 8, 16, 48) . Our findings are consistent with observations of Donnelly (14) on the release of CA from intact CB and with those published in a recent study (34) in isolated rat chemoreceptor cells where it was reported that IBTx did not modify either normoxic or hypoxic release of CA and with the observations of Buckler (5) and Lahiri et al. (26) . These authors found a lack of effect of TEA on [Ca 2ϩ ] i transients produced by hypoxia or anoxia, whereas we found a modest, not significant, decrease in Ca 2ϩ transients, but IBTx, the specific inhibitor of maxiK, did not affect the [Ca 2ϩ ] i transients induced by hypoxia (Fig. 6) . The minor differences between TEA and IBTx on intracellular Ca 2ϩ levels could be the result of the wider effects of TEA, which at 5 mM not only blocks entirely maxiK but also inhibits by about 80% the rest of the voltage-dependent K current (I K v ) in rat chemoreceptor cells (29) . The question is to explain how the inhibition of K currents by TEA results in a no significant change in Ca 2ϩ transients. At first glance it might appear that an increase in Ca 2ϩ transients should be expected because surely TEA would be inhibiting repolarization, but at the same time it would tend to decrease the firing frequency (36) . The prevailing effect on Ca 2ϩ entry and neurotransmitter release would be unpredictable and depend largely on the subtypes of K v channels present in a particular cell or nerve ending or even the pattern of stimulation (19) . In fact, these last authors (19) found on a single pulse basis that TEA is able to increase the amplitude of inhibitory postsynaptic current in neocortical pyramidal cells, but when pair of pulses were applied, TEA decreased the amplitude of the postsynaptic inhibitory current in response to second stimulus; comparable findings have been reported by Hagler and Goda (23) in hippocampal neurons. A final consideration for the apparent discrepancies among laboratories regarding the action of maxiK blockers might be related to the time elapsing between CB removal from the animal and performance of the experiments. For example, all experiments with intact organs are performed acutely, within 4 -6 h after surgical procedures (14, 26 , and this study), and no effects for maxiK blockers have been detected. Similarly, studies of Buckler (5), Lahiri et al. (26) , and this study with isolated cells were performed in cultures of up to 48 h and no effects of maxiK blockers were seen. On the contrary, the experiments of Pardal et al. (37) and those of Jackson and Nurse (25) were performed, respectively, in tissue slices cultured 2-4 days and in cell cultures 6 -12 days old. In sum, it would appear that excitation by maxiK blockers is most prominent in long-term cultures, and it is rarely seen in short-term cultures.
The lack of effect of maxiK blockers at rest and after hypoxic stimulation should be due to the fact that in both situations the P o of maxiK channels is extremely low. This being the case, the [Ca 2ϩ ] i and the release responses elicited by any stimulus to the rat CB lacking an effect on maxiK should be potentiated by the maxiK blockers. DNP meets these properties, it depolarizes rat chemoreceptor cells by inhibiting a TASK-like current and by activating an inward current (10), and our patch-clamp recordings do in fact demonstrate that DNP does not directly inhibit maxiK (Fig. 3) . According to predictions, the release of CA (Fig. 4) and [Ca 2ϩ ] i increase elicited by DNP (Fig. 5) are potentiated by maxiK blockers. A full interpretation of the findings with DNP would be the following: DNP, as well as hypoxia, has many molecular targets in chemoreceptor cells, but experimental data evidence that while hypoxia directly inhibits maxiK (e.g., 38, 43), DNP does not (Fig. 4) . Yet, DNP, as well as hypoxia, depolarizes chemoreceptor cells and increases intracellular Ca 2ϩ levels (10) setting the requirements to activate maxiK. Thus the demonstration that IBTx (and TEA) potentiate the integrated release response induced by DNP implies, in the one hand, that maxiK participates as expected in the compound action of DNP, and second that inhibition of maxiK with IBTx (and TEA) produces the expected effect of potentiating its response. In short, a role for maxiK in the activity of chemoreceptor cells is easily demonstrated when the channel is not directly inhibited by the stimulus. In this situation, without a direct inhibition of maxiK channels, the increase on calcium induced by DNP can activate the channels, making them amenable of inhibition by channel blockers and susceptible of modulation by other second messengers.
The ongoing discussion of our data drives to a confirmation of Buckler's (5) observations: maxiK channels are expressed in chemoreceptor cell plasma membrane, are reversibly inhibited by hypoxia both in whole cell and isolated patch recordings, and yet their pharmacological inhibition does not alter resting membrane potential or hypoxia-induced depolarization (5) or hypoxia-induced Ca 2ϩ transients or chemoreceptor cells neurotransmitter release. This confirmation in turn forces to question the physiological significance of maxiK channels in the response to hypoxia in intact chemoreceptor cells and in the intact organ. There are theoretical and experimental basis to sustain (i.e., a negative membrane potential and a low intracellular Ca 2ϩ ) that in normoxic cells, in resting conditions, maxiK are inactive. There are also data to suggest that in hypoxia they can be fully or nearly fully inhibited (43, 47) with the overall result that no change in any parameter defining chemoreceptor cell function emerges on application of maxiK inhibitors. However, the question remains: if maxiK channels do not participate in the genesis of resting membrane potential or in the genesis of the hypoxic response, what are they expressed for? The answer to this question must await further experiments. But our experiments with DNP demonstrate that maxiK are indeed functional in rat chemoreceptor cells and playing its more orthodox function of limiting cell responses by a negative feedback regulation that suppresses overly exuberant Ca 2ϩ entry through voltage-gated Ca 2ϩ channels (31) . It might be postulated that the lack of functionality of maxiK observed in response to hypoxia is the result of the multiple negative regulation via signals generated by hypoxia itself (39, 47) . Our findings imply that a full inhibition of maxiK during hypoxia is a requisite to obtain full chemoreceptor cell responses to hypoxia. Although a detailed analysis of the kinetic properties of chemoreceptor cells is lacking, there are several facts that support this notion: outward K current density exceeds by a factor of 2-5 the inward currents in rat chemoreceptor cells, inward currents are represented for the most part by Ca 2ϩ currents, threshold voltage and half-time for activation of K and Ca 2ϩ currents are quite similar (29) , and rat chemoreceptor cells during hypoxia exhibit a spiking behavior driving membrane potential close to 0 mV (9) . Therefore, it would appear that a full or nearly full inhibition of some component of the outward currents (maxiK channels) is required to account for the depolarizations above threshold for voltage-operated channels.
Finally, it should be pointed out that new mechanisms of control and new functions for maxiK in different cells are emerging. For example, in human myometrial smooth muscle cells maxiK interacts with caveolin-1 and -2 and with cytoskeleton actin, and from those interactions a stringent control of maxiK activity occurs (4) . A rearrangement of cytoskeleton components of chemoreceptor cells appears inherent to the profuse exocytosis and recycling of dense-core vesicles (21) and to the uncoupling of gap junctions between chemoreceptor cells during acute hypoxic stimulation (15) . On the other hand, maxiK expression and activity have been involved in the control of cell growth, cell proliferation, and apoptosis (13, 24, 35) . Therefore, it can be hypothesized that maxiK plays a role in controlling the hypertrophy and hyperplasia of chemoreceptor cells observed in adaptation to high altitude and hypoxemic lung pathologies (21) .
